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Abstract 
 
The concept of a cognitive zone of proximal development first proposed by Vygotsky suggests that learning occurs 
when students solve problems that are just outside of their comfort zone (i.e., a problem that they have not seen 
before).  In engineering problem solving this takes the form of matching the appropriate problem complexity with a 
student’s internal schema in a particular knowledge domain.  If we are going to provide effective learning 
environments for engineering students, two questions need to be addressed, namely, (1) how should we measure 
problem complexity and (2) how do we assess the current state of a student’s schema? In this study we formulated a 
set of problems for two different domains (an introductory problem solving course and thermodynamics) and 
surveyed students (freshman and sophomore levels) on the problem complexity based on problem descriptions.  We 
developed a set of factors that might contribute to problem complexity based on previous research and rated each of 
the problems.  Using the average complexity scores from the survey results, we calculated the correlation coefficient 
between each of the factors and the score and found five factors that had a correlation coefficient >0.5. 
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1. Introduction 
According to Vygotsky[1], the most effective learning occurs when students encounter problems that place them in a 
cognitive zone of proximal development.  In this zone, the student attempts to move beyond their current ability 
with some assistance from an instructor or other students. These problems must be designed with sufficient 
complexity so that it is not a repetitive problem but one that challenges the students. Volkema [2] described the 
major contributors to problem complexity as the number of elements in the context, attributes of those elements, 
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interactions between the elements, and the uncertainty in the structure of the elements and the rules of 
interaction.  Predicting what someone will say in a conversation is more difficult than determining the pressure in a 
vessel because of the high degree of uncertainty in the possible statements that can be made. Kotovsky and Simon 
[3] studied factors that contribute to problem complexity using isomorphs of puzzle problems (i.e., problems with 
the same structure). They found that a major contributor to complexity was the nature of the operations that need to 
be performed to reach the goal state.  The solution time increased proportionally with the level of uncertainty in 
operations increased.  For an engineering problem, this would correspond to uncertainty in the problem 
formulation.  They also found that as students move through the problem space, there were episodes in which they 
made no progress and oscillated in the current problem state until they broke through a barrier which then resulted in 
a large change in progress. 
Jackman et al.[4] found that students working in teams on complex engineering economy problems were unable to 
successfully formulate the problem. Some teams did not consider relevant data needed to frame the problems, some 
did not consider necessary variables, and some did not conceptualize a viable solution strategy. Teams who 
formulated the problem correctly tended to be much more successful in finding a solution and received higher scores 
on the assignment. As problems became more complex and ill-structured, students had greater difficulty formulating 
the problem. 
 
2. Method 
For this study, we formulated a simple problem complexity in which students were asked to rate the complexity of a 
set of four problems using a Likert scale along with some questions about the complexity relative to what they had 
seen in class and what they think would be an obstacle in solving the problem. The students did not solve the 
problems.  The surveys were administered to students in an introductory problem solving course and a 
thermodynamics course.  For the introductory problem solving course, we surveyed two instructors who had not 
seen the problems.  
 
We developed a set of factors (i.e., independent variables) that we thought might contribute to problem complexity 
based on previous research which are given in Table 1. For each problem in the problem sets, we assigned values for 
each factor.  
Table 1 Problem complexity factors 
Factor Description 
A Number of principles from this course 
B Number of principles from other courses 
C Number of concepts from this course  
D Number of concepts from other courses 
E Length of problem description (High, Medium, or Low) 
F Number of related elements but not necessary (i.e., irrelevant) 
G Need to decide on the problem goal (0 – No;  1-Yes) 
H Likely to be an unfamiliar context (0-Not Likely; 1 - Likely) 
I Need to re-represent problem (e.g. graphically) to organize the information (0 – No;  1-Yes) 
J Sub-parts to problem are needed but not provided  (0, 1) 
K Need to simplify problem (e.g., make an approximation) to make progress (0 – No;  1-Yes) 
 
2.1. Problem complexity survey 
 
 
Please rate how complex (i.e., difficult) you think this problem is.  
      □    □    □    □    □ 
               1          2           3         4           5 
Least complex                                          Most Complex 
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1. What makes this more or less complex as compared to other problems in this class? 
2. What might you have trouble with in this problem? 
 
2.2. Problem Sets 
 
Introductory Problem Solving Problems 
 
Problem 1  Horsepower 
A 2405 lb Yaris has run out of gas 1/4 mile from the nearest gas station.  By pushing the car, it accelerates from a 
velocity of 0 m/s to 1 m/s in 1 minute.  After the first minute, the car moves at a constant velocity. You can assume 
that the rolling resistance of the tires is negligible and that the road is flat. 
Answer the following questions: 
a) How much power, in horsepower, is required to accelerate the car? 
b) How much energy is required to push the Yaris the 1/4 mile to the service station? 
c) How long will it take to push the vehicle to the service station? 
 
Problem 2  Strut Design 
This problem will ask you to determine the best material to use for the strut on an airplane landing gear.  Assume 
that the strut can be modeled as a solid cylindrical rod with a length L and a cross-sectional area A.  On landing, the 
strut is subjected to a force of F and will compress according to the following equation: 
   
FL
EA
δ =  
where δ is the amount of compression in the strut (rod).   
 
In the equation for deflection, E is Young's modulus of elasticity.  You are given two choices of material from which 
to fabricate the rod:  aluminum and steel.  The challenge you face is to make the strut as light as possible while also 
ensuring that it compresses as little as possible; the length of the strut and the force acting on it are fixed. You are to 
answer the question of "which material is the best choice for the strut?" First assume that the deflection of the strut is 
a design constraint, and then assume that the weight of the strut is a design constraint. 
   
The density of aluminum is 2.7 g/cm3 and the density of steel is 7.85 g/cm3.  Aluminum has a Young's modulus of 
elasticity, EAl, of 70 GPa and Young's modulus of elasticity for steel, Esteel,  is 30 Mpsi.  On landing, the plane 
weighs approximately 750,000 lbf.  
a) If deflection is more important than weight, will the strut be made of aluminum or steel?  Justify your 
answer. 
b) If weight is more important than deflection, will the strut be made of aluminum or steel?  Justify your 
answer. 
 
Problem 3  Brake Assembly 
The picture shown below is a representation of a brake assembly.  The force F is the amount of force that would be 
applied through your foot to the brake pedal of your car - this is called the actuation force.  The lever that the 
actuation force is applied to is pivoted at the point on the picture labeled OB.  L is the distance between the point of 
application of the force and the pivot point, OB.  The two additional components in the assembly are:  1) the brake 
shoe and 2) the brake drum.  The drum rotates around a point located at its center and the brake shoe is moved into 
contact with the brake drum as force is applied to the lever. 
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We have learned in class that when objects are in contact with each other, there are forces between them that are 
equal but opposite in direction.  When objects are in contact and there is relative motion between them, like the 
brake shoe and the brake drum in this problem, an additional force results.  There is still the force that would be 
caused by the contact of the shoe and the drum and that contact would be perpendicular to the surfaces, causing a 
normal force.  The additional force, caused by the relative motion, is the friction force.  On the brake drum, which is 
shown as rotating clockwise, the friction force, caused by the combined motion and contact between the shoe and 
the drum, will be opposite the direction of motion of the drum and tangent to it at the point of contact between the 
shoe and drum. 
a) Draw a free body diagram of the brake drum. 
b) Does changing the distances a and/or b have an effect on the required actuation force?  
c) If so, how does changing a and b effect the force required to stop the brake drum?   
d) Does the direction of the drum's rotation matter? 
 
 
Problem 4  Engineering Strain 
 
Engineering strain, ε, is ratio of the change in an object’s length to the object’s initial length and is given by,    
0
L
L
ε ∆=  
where, 
  
0 .finalL L L∆ = −  
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L0 is the original length of the object and Lfinal is the object’s final length. For an object that started with a length of 3 
cm and was determined to have a final length of 1.25”, what would be the value of the engineering strain? 
 
Thermodynamics Problems 
 
Problem 1   Nozzle 
 A nozzle has 5 lbm/min of air entering at (100oF, 1 atm) with a velocity of 10 ft/s.  If the temperature at the exit of 
the nozzle is 99.9oF, find the velocity of the air leaving the nozzle.  List any assumptions you used to solve this 
problem. 
  
Problem 2   Power Plant 
Model the following power plant and calculate the efficiency using EES. 
 
 
 
Problem 3  T-v Diagram 
2 kg of water is initially at 1 bar with a specific volume of 0.1 m3/kg.   The water is heated under a constant pressure 
process to a temperature of 500oK. 
a) Draw this process on a T-v diagram.   
b) Label T and v for each state.   
c) Calculate the heat transfer and work for this process. 
 
Problem 4  Rankine Cycle 
Steam is the working fluid of a Rankine (steam) power cycle.  Saturated vapor enters the turbine at 8.0 MPa and 
exits as a two-phase mixture with a quality of 0.675.  Saturated liquid exits the condenser at a pressure of 0.008 
MPa. The water leaving the pump exits at 45oC. The power output of the turbine is 100 MW. 
a) Draw this cycle on a T-v diagram.  
b) Find the mass flow-rate for the cycle. 
c) Find the heat transfer and work for each component    
d) Find the efficiency of the cycle 
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3. Results 
The results of the problem complexity survey are given in Table 2 and Figures 1 and 2.  For the introductory course, 
we surveyed two instructors not associated with this project to provide some calibration of student responses.  
Although there are only two responses, they appear to be consistent with student assessments of problem 
complexity.  We initially expected to see 4 levels of complexity for the problem sets in each course.  These results 
indicate that there are essentially two levels in the introductory course, namely, least complex (Problem 4) and 
average complexity (Problems 1, 2, and 3). 
Table 2  Problem complexity scores 
 
Average complexity score 
Course Response Type No. of Responses 
Problem 
1 
Problem 
2 
Problem 
3 
Problem 
4 
Introductory course Student 55 2.7 3.6 3.4 1.3 
Introductory course Instructor 2 3.0 3.5 3.0 1.0 
Thermodynamics Student 53 2.5 4.7 2.0 3.1 
 
 
Figure 1  Problem complexity survey for the introductory course 
 
For thermodynamics, we observed three distinct levels of complexity, namely, somewhat complex (Problems 1 and 
3), average complexity (Problem 4), and most complex (Problem 2). 
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Figure 2  Problem complexity survey for thermodynamics 
 
Using the complexity scores in Tables 3 and 4, we calculated the correlation coefficient Weisstein[5] between each 
of the factors and the score.   We selected a threshold of 0.5 or -0.5 for the correlation coefficient as an indicator that 
a factor contributed to problem complexity.  Given the small number of samples (in terms of number of problems), 
we were not able to quantify any interaction effects between factors. 
  
Table 3 Factors for the Introductory Course Problems 
Problem A Principle(s) B Principle(s) C Concept(s) D Concept(s) E F G H I J K 
Horsepower 1 Unit conversion 4 
Newton's 
law, Laws of 
motion, 
Power, 
Kinetic 
energy 
0  8 
Force, gravity, 
mass, distance, 
acceleration, 
velocity, 
horsepower, 
energy 
1.5 0 n n y n n 
Strut design 1 Unit conversion 0  2 
Young's 
Modulus, 
Compression 
2 Force, density 2.7 0 n y n y n 
Brake 
Assembly 2 
Frictional 
force, static 
equilibrium 
1 Free body diagram 2 
Normal 
force, 
moment 
1 Force 3.0 0 n y y n n 
Strain 1 Unit Conversion 0  1 Strain 0 0 1.1 0 n n n n n 
 
 
Table 4 Factors for Thermodynamic Problems 
Problem A Principle(s) B Principle(s) C Concepts D Concepts E F G H I J K 
Nozzle 2 
Conservation of 
Energy, 
Conservation of 
Mass 
1 Ideal gas law 4 
Control volume, 
mass flow-rate, 
internal energy, 
flow energy 
2 
Velocity, 
Kinetic 
Energy 
1.2 0 n n n y n 
Power 
plant 2 
Conservation of 
Energy, 
Conservation of 
Mass 
  6 
Control volume, 
mass flow-rate, 
internal energy, 
flow energy, 
component 
efficiency, cycle 
efficiency 
  2.2 0 n y y y y 
T-v 
diagram 2 
Conservation of 
Energy, 
Conservation of 
Mass 
  3 
T-v diagram, heat 
transfer, work   1.3 0 n n n y n 
Rankine 
cycle 2 
Energy balance, 
Mass balance   5 
T-v diagram, mass 
flow-rate, heat 
transfer , work, 
cycle efficiency 
  1.8 0 n n y y n 
 
The results indicate that five factors met the threshold requirement as shown in Table 5.  Given the high correlation 
of factors H and E, either of these factors could potentially be used as a metric for problem complexity.  Factor H 
(unfamiliarity with the context) would be more difficult to assess a priori by an instructor than factor E (description 
length). These high correlations also suggest that instructors should be crafting problems with multiple contexts and 
long problem descriptions, because students need to develop cognitive skills that enable them to be more effective 
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problem solvers when they encounter these types of problems. Surprisingly, factor J, sub-parts are needed, was not 
highly correlated, which seems counterintuitive. We expected that this factor would contribute to problem 
complexity because it is not well-defined for the students. One explanation could be that students did not see the 
need for sub-parts and therefore, did not factor that into their assessment of problem complexity.  
 
Table 5 Contributing factors 
Factor Description Correlation coefficient 
H Likely to be an unfamiliar context (0-Not Likely; 1 - Likely) 0.81 
E Length of problem description (High, Medium, or Low) 0.74 
K Need to simplify problem (e.g., make an approximation) to make progress (0 – No;  1-Yes) 0.7 
I 
Need to re-represent problem (e.g. graphically) to organize the information (0 – No;  1-
Yes) 0.59 
C Number of concepts from this course  0.52 
A Number of principles from this course 0.38 
J Sub-parts to problem are needed but not provided  (0, 1) 0.31 
D Number of concepts from other courses 0.01 
B Number of principles from other courses -0.08 
 
4. Conclusions 
Understanding problem complexity in a more formal manner is critical to developing problems that will make the 
learning process more effective.  We have developed an approach for quantifying factors that contribute to problem 
complexity.  Survey data was collected from two distinct domains, an introductory engineering problem solving 
course and a thermodynamics course.  After identifying a set of factors that might contribute to problem complexity, 
we assigned values to each factor for each problem based on the description.  The correlation coefficient for each 
factor and complexity score for the problem was calculated across 8 problems. We found five factors with 
correlation coefficients greater than 0.5.  The top two factors were the familiarity of the problem context and the 
length of the problem description.  The results suggest that problems should be carefully constructed to achieve a 
specific level of complexity that would be consistent with the zone of proximal development. 
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